1. Introduction {#sec1-materials-12-01010}
===============

There are many well-known advantages to using high entropy alloys (HEAs), e.g., exceptional high-temperature strength, wear resistance, and excellent low-temperature ductility \[[@B1-materials-12-01010],[@B2-materials-12-01010],[@B3-materials-12-01010]\], thus researchers pay more attention to developing new HEAs. CoCrFeNiMn is an appealing high-entropy alloy, exhibiting high strength and high ductility. In recent decades, the researchers have investigated CoCrFeNiMn high-entropy alloy using experimental methods. Salishchev et al. \[[@B4-materials-12-01010]\] studied the microstructure and mechanical properties of the equiatomic composition alloys FeCrCoNi, FeCrCoNiV, FeCrCoNiMn, and FeCrCoNiMnV under as-solidified and annealed conditions. They found that the FeCrCoNi and FeCrCoNiMn alloys are single-phase face-centered cubic (FCC) structures in both conditions, and that the CoCrFeNi and CoCrFeNiMn alloys are soft and extremely ductile whereas the CoCrFeNiV and CoCrFeNiMnV alloys are hard and strong. Using equal-channel angular pressing, Shahmir et al. \[[@B5-materials-12-01010]\] investigated the mechanical properties of CoCrFeNiMn high-entropy alloy and found that the strength increases gradually with the increase of strain to 1 GPa with an elongation to failure of about 35% after four passes. The microstructure is a single phase with an average grain size of about 100 nm, and the grain boundary strengthening is the most important strengthening mechanism in CoCrFeNiMn. Stepanov et al. \[[@B6-materials-12-01010]\] studied the effect of thermomechanical processing on the microstructure of the carbon-containing CoCrFeNiMn high-entropy alloy, and their results showed that the addition of carbon increases dislocation activity while simultaneously retarding deformation twinning during rolling and decreases the fraction of twin boundaries in the annealed condition. Heczel et al. \[[@B7-materials-12-01010]\] used the high-pressure torsion (HPT) method to investigate the defect structure and hardness in nanocrystalline CoCrFeMnNi high-entropy alloy, and found that the grain size was gradually refined from \~60 μm to \~30 nm while the dislocation density and the twin-fault probability increased to very high values. After two series of HPT, the microhardness increased from \~1440 MPa to \~5380 MPa. Yu et al. \[[@B8-materials-12-01010]\] prepared CoCrFeCuNi and CoCrFeMnNi high-entropy alloys via mechanical alloying and high-pressure sintering (HPS) and found that the bulk modulus is 117.5 GPa and 136.1 GPa for the HPSed CoCrFeCuNi and CoCrFeMnNi HEAs, respectively. Dang et al. \[[@B9-materials-12-01010]\] adapted high-vacuum radio frequency magnetron sputtering to obtain an equiatomic CoCrFeMnNi high-entropy alloy thin film and investigated its mechanical properties. Their results showed that the deposition of a smooth and homogenous thin film with a grain size of \~10 nm is achieved through this technique. This thin film has a high hardness of 6.8 ± 0.6 GPa, which is superior compared to its bulk counterpart owing to its nanocrystalline structure. Theoretically, Tian et al. \[[@B10-materials-12-01010]\] studied the magnetic states of CoCrFeMnNi high-entropy alloy, and they proposed that the paramagnetic state increases the mechanical stability of the FCC phase against tetragonal deformation as compared to the ferromagnetic state. Based on molecular dynamics computer simulations, Korchuganov \[[@B11-materials-12-01010]\] researched the mechanical response of bulk Co~10~Cr~10~Fe~30~Mn~30~Ni~20~ and Co~30~Cr~30~Fe~10~Mn~10~Ni~20~ and found that these two stoichiometric compositions have Young's moduli of 81 GPa and 103 GPa, respectively, and the plasticity in the single crystal CoCrFeMnNi nucleates through the formation of intrinsic stacking faults during high-rate compression or tension.

Despite the experimental and theoretical studies carried out so far, the mechanical response in nanocrystalline CoCrFeNiMn high-entropy alloy has not yet been reported in the literature. Thus, this prompted us to study the microstructure structure and mechanical properties for CoCrFeNiMn high-entropy alloy with nanometric diameter grain sizes, which would reinforce the knowledge of CoCrFeNiMn high-entropy alloy. The molecular dynamics method can predict various properties of materials, so it has been selected for this purpose.

2. Materials and Methods {#sec2-materials-12-01010}
========================

Molecular dynamics (MD) simulations were performed using the LAMMPS software (Sandia National Laboratories, Philadelphia, PA, USA) \[[@B12-materials-12-01010]\], based on Newtonian motion equations. The interatomic interactions were described by the modified embedded-atom method potential \[[@B13-materials-12-01010]\]. The integration step for the MD calculations was set to 2 fs. All models were completely equilibrated for 30,000 time steps under periodic boundary conditions in a Nose-Hoover NPT ensemble at 0 GPa and 300 K, and then the systems were melted from 300 K up to 3000 K during 9000 time steps in order to simulate the melting processes. For the tensile testing simulation, the strain rate along the *x* direction was set to 0.05%/ps, while the NPT ensemble was applied in the *y* and *z* directions with the periodic boundary condition. The four seed models of CoCrFeNiMn high-entropy alloy with an average grain size of 3.6--2.0 nm were built based on Voronoi construction through the Atomsk \[[@B14-materials-12-01010]\]. The OVITO software \[[@B15-materials-12-01010]\] was selected for visualization of the atomic snapshots of the seed samples. Identification of the microstructure of the samples was conducted on the basis of an algorithm determining the symmetry of the nearest-neighbor atom, i.e., common neighbor analysis (CNA). According to the CNA, an intrinsic stacking fault (SF) in the FCC lattice was defined as two layers of atoms with HCP symmetry of the nearest-neighbor environment. To calculate the elastic constants, the stress-strain method in the LAMMPS software was used in the present work. Firstly, the models were relaxed for 30,000 time steps in Nose-Hoover NPT ensemble at 0 GPa and 300 K. Secondly, an NVT simulation of 2000 time steps was run to obtain the average stress tensor under the six different cell deformations of 0.05. Finally, the elastic constants of the models were obtained through Hooke's law.

3. Results {#sec3-materials-12-01010}
==========

3.1. Melting Properties {#sec3dot1-materials-12-01010}
-----------------------

Using the present interatomic potential, the calculated lattice parameter of CoCrFeNiMn high-entropy alloy with a perfect FCC structure is about 0.3608 nm at 300 K and 0 GPa, which is agreement with the experimental values (0.3590 nm \[[@B16-materials-12-01010]\] and 0.3592 nm \[[@B17-materials-12-01010]\]). In order to obtain valuable information on the melting properties of CoCrFeNiMn high-entropy alloy, we calculated the volume-temperature curve, as shown in [Figure 1](#materials-12-01010-f001){ref-type="fig"}. We found that CoCrFeNiMn high-entropy alloy with a perfect FCC structure shows a large change in volume at 1940 K, which indicates that the melting point of a single crystal of CoCrFeNiMn is located in this region. When the average grain size is 3.6 nm, the volume change of CoCrFeNiMn with the increase of temperature is not drastic, and the melting point occurs at around 1430 K. While the grain size decreases from 3.6 nm to 2.5 nm, the corresponding melting point decreases to 1340 K, which suggests that the melting point in CoCrFeNiMn high-entropy alloy decreases with the decrease of the grain size. For the seed model with an average grain size of 2.0 nm, the large volume change in the temperature range of 300--3000 K would be difficult to observe because of amorphization caused by small grain size. This will be discussed later in more detail later. The volume-temperature curves of all models are the same above 2000 K, implying that the molten state of all samples is only the function of temperature but has no relation to the grain sizes.

We also calculate the diffusion coefficient of CoCrFeNiMn through the following equation \[[@B18-materials-12-01010]\]:$$D = \lim\limits_{t\rightarrow\infty}\frac{1}{6Nt}\langle\sum_{i = 1}^{N}|r_{i}\left( t \right) - r_{i}\left( 0 \right)|^{2}\rangle,$$ where *N* is the number of particles, $r_{i}\left( t \right)$ and $r_{i}\left( 0 \right)$ are the initial position and final position of the particle *i* after the time *t*. The predicted average diffusion coefficient of CoCrFeNiMn is about 15.0 × 10^−9^ m^2^·s^−1^ at the temperature of 3000 K, and the diffusion coefficient of Mn is highest among all elements, as shown in [Table 1](#materials-12-01010-t001){ref-type="table"}.

3.2. Elastic Properties {#sec3dot2-materials-12-01010}
-----------------------

Through the stress--strain method, the mechanical properties of CoCrFeNiMn with the different grain sizes are calculated, and the results are shown in [Figure 2](#materials-12-01010-f002){ref-type="fig"}. We presume that the four seed models have cubic symmetry. For the cubic structure, there are three independent elastic constants, i.e., *C*~11~, *C*~12~, and *C*~44~. From the calculated elastic constants *C~ij~*, some mechanical parameters of CoCrFeNiMn, e.g., bulk modulus (*B*) and shear modulus (*G*), can be calculated through the Voigt approximation \[[@B19-materials-12-01010]\]. The Voigt *B* can be given by:$$B = \frac{1}{9}(c_{11} + c_{22} + c_{33}) + \frac{2}{9}(c_{12} + c_{13} + c_{23}).$$

The Voigt *G* is defined as:$$G = \frac{1}{15}(c_{11} + c_{22} + c_{33} - c_{12} - c_{13} - c_{23}) + \frac{1}{5}(c_{44} + c_{55} + c_{66}).$$

It is found from [Figure 2](#materials-12-01010-f002){ref-type="fig"} that with the increase of grain size, the bulk modulus of CoCrFeNiMn decreases slightly, indicating that the effect of grain size on the bulk modulus is quite weak. The case of shear modulus is different from that of bulk modulus, and the corresponding decreasing trend is significant. As the grain size decreases from 3.6 to 2.0 nm, the shear modulus of CoCrFeNiMn is reduced by 22%. The case of Young's modulus (*Y*) is similar to that of shear modulus, while its reducing magnitude is about 20%. We also calculate the *B*, *G*, and *Y* of single crystal CoCrFeNiMn through the equations above, and the corresponding quantities are 169, 56, and 151 GPa, respectively. Because the CoCrFeNiMn alloy has a complex composition and the mechanical properties would be affected by the experiment condition, there exists some deviations between our theoretical and the experimental values \[[@B20-materials-12-01010],[@B21-materials-12-01010]\].

3.3. Stress--Strain Relation {#sec3dot3-materials-12-01010}
----------------------------

The stress--strain curves of CoCrFeNiMn at the temperature of 300 K and for the mean grain sizes of 3.69--2.0 nm under uniaxial tensile strain are depicted in [Figure 3](#materials-12-01010-f003){ref-type="fig"}. Firstly, the stress--strain curves increase linearly below a strain of 2%, which is corresponding to the elastic region. Then, the increasing trend becomes gentler above 2%, indicating that the elastic-to-plastic transition occurs in this region. With a further increase in strain, the stress--strain curves continuously increase, and the stresses reach the ultimate tensile strength when the strain is about 5--6%. In the region of 7--40%, plastic flow is obtained. For the models with mean grain sizes of 3.6, 3.0, and 2.5 nm, we find that their ultimate tensile strengths (i.e., 3.4, 3.2, and 3.0 GPa, respectively) occur at a strain of 5.1, 5.7, and 6.3%, respectively, which suggests that the strength decreases with the decrease of mean grain size, while the plastic deformation increases with the decrease in grain size. It is noted that the ultimate tensile strength of CoCrFeNiMn with the average grain size of 2.0 nm is located at a strain of 5%, which is ascribed to the amorphization induced by small grain size.

The flow stresses are given by the average values of stresses in the strain range of 10--40%. By fitting both of the flow stresses and grain size to a linear equation, the inverse Hall--Petch relation can be obtained by $$\sigma_{F} = 2.16286 + 0.28096 \cdot d,$$ where *d* is grain size. From Equation (4), we can see that the flow stress increases gradually with grain size.

3.4. Structure Character under Uniaxial Strain {#sec3dot4-materials-12-01010}
----------------------------------------------

In order to obtain information on structure change under uniaxial tension strain, we apply the CNA method to plot the structure type fraction of CoCrFeNiMn with different average grain sizes, as shown in [Figure 4](#materials-12-01010-f004){ref-type="fig"}.

It is found that while the strain is 0.0, the FCC composition of CoCrFeNiMn with *d* = 3.6 nm is about 60%. When *d* decreases to 3.0 nm, the FCC composition of CoCrFeNiMn becomes 50%. With *d* decreasing to 2.5 nm, the FCC composition decreases to about 38%. This indicates that the FCC composition of CoCrFeNiMn decreases gradually with decreasing grain size. For the CoCrFeNiMn alloy with *d* = 2.0 nm, the FCC composition is only 19%, which suggests that the CoCrFeNiMn alloy shows a severe amorphous phenomenon because the grain size becomes small enough. With increasing strain, the other structure (i.e., the amorphous phase) of CoCrFeNiMn with *d* = 3.6--2.0 nm increases gradually, which suggests that the strain can lead to amorphization. This is in agreement with the decreasing FCC composition. Furthermore, the stacking fault of CoCrFeNiMn with *d* = 3.6--2.0 nm also increases with the decrease of the grain size, which suggests that under uniaxial tension strain, the stacking fault contributes to the plastic deformation of CoCrFeNiMn. This contribution would decrease gradually with decreasing grain size.

3.5. Deformation Mechanism under Uniaxial Tension {#sec3dot5-materials-12-01010}
-------------------------------------------------

On a macro scale, the mechanism of plastic deformation for the polycrystalline alloy contributes to the dislocation nucleation and motion. However, when the grain size is decreased to the nanometer scale, the grain-boundary mediated process would be the main deformation characteristic. In this section, the detailed atomic snapshot of CoCrFeNiMn high-entropy alloy at a strain rate of 5 × 10^8^/s is investigated. The atomic snapshots of CoCrFeNiMn with the grain size of 3.0 nm colored by the CNA values are presented in [Figure 5](#materials-12-01010-f005){ref-type="fig"}. [Figure 5](#materials-12-01010-f005){ref-type="fig"}a displays the relaxed structure after equilibration at 300 K, where we digitally identify six grains. It is found that the equilibration structure has complete grain boundaries. At a strain of 10%, the thickness of grain boundaries between the grain 4 and 5 (or the grain 5 and 6) increase, while some stacking fault occurs in the grain 1, 2 and 3. When the strain increases to 20%, the thickness of grain boundaries between the grains 4 and 5 (or grains 5 and 6) become thicker than before, accompanied by the decreasing grain size and the appearance of stacking faults. Grains 1--3 incur a change in shape, and the stacking fault composition in grains 1--3 increases. When the strain is up to 30%, grains 4 and 6 almost disappear, and the shape of grains 1--3 is very different from that at a strain of 10%. The amorphous phase caused by the strain is larger than the FCC phase. Therefore, the grain shape change, stacking fault formation, and amorphization are the main mechanisms of plastic deformation for CoCrFeNiMn high-entropy alloy.

4. Conclusions {#sec4-materials-12-01010}
==============

The melting behavior, mechanical properties, and deformation mechanisms of nanocrystalline CoCrFeNiMn high-entropy alloy have been investigated using molecular dynamics simulation. The results suggest that the melting point of CoCrFeNiMn high-entropy alloy increases with the increase of grain size, and the diffusion coefficient of Mn in the molten CoCrFeNiMn is highest among all elements. The elastic calculations show that the effect of grain size on bulk modulus is very slight. The case of shear modulus is different from that of bulk modulus. As the grain size decreases from 3.6 nm to 2.0 nm, the shear modulus and Young's modulus are reduced by 22% and 20%, respectively. The stress--strain curves demonstrate that the ultimate tensile strength decreases with a decrease in mean grain size, while the plastic deformation increases with a decrease in average grain size. When the mean grain size decreases to 2.0 nm, the amorphization induced by small grain size causes the plastic deformation to decrease. The relationship between the flow stresses and grain size meets the inverse Hall--Petch relation. The CNA analysis shows that the FCC composition of CoCrFeNiMn decreases gradually with decreasing grain size. For the samples with *d* = 2.0 nm, the FCC composition is only 19%, accompanied by a severe amorphous phenomenon because of the small grain size. An atomic snapshot of CoCrFeNiMn with *d* = 2.0 nm under the uniaxial strain analysis confirms that the grain shape change, stacking fault formation, and amorphization are the main mechanisms of plastic deformation for nanocrystalline CoCrFeNiMn high-entropy alloy.
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The calculated diffusion coefficient for CoCrFeNiMn at 3000 K.

  Atom Type                            Co              Cr              Fe              Ni              Mn              CoCrFeNiMn
  ------------------------------------ --------------- --------------- --------------- --------------- --------------- ---------------
  Diffusion coefficient (m^2^·s^−1^)   15.3 × 10^−9^   14.7 × 10^−9^   14.5 × 10^−9^   14.3 × 10^−9^   16.5 × 10^−9^   15.0 × 10^−9^
